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ABSTRACT

New data from the Seismological Research Observatory

(SRO) is used in conjunction with a non-linear least

squares technique to invert surface wave group velocity

data for the shear wave velocity structure for paths

crossing the Chinghai-Tibet, North China and South China

subplates. A number of earthquakes are used over a single

path in order to deduce a measure of the observational

uncertainty . Group velocity standard deviations range

from 0.04 kin/sec to 0.20 km/sec for Rayleigh waves and
I

5 0.04 km/sec to 0.20 km/sec for Love waves over the period

range 10-128 seconds.

The results of the inversion indicate a 4 layer total ,

70 km thick crust is an adequate model for the Tibetan

plateau. Group velocities obtained for the path crossing

the Tibetan plateau are unusually low. Group velocities

for the mixed path between Tangshan-Mashad , Iran are lower

than the average continental dispersion . Results of the

inversion indicate a 3 layer total , 45 km thick crust is

an adequate model. Group velocities for the path between

Tangshan-Taioei , Taiwan are closest of the three regions

(at higher periods) to the average continental dispersion.

Results of the inversion indicate that a 3 layer total,

30 km crust is an adequate model. Shear velocities derived

from the inversion of group velocity data are presented for

1
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the crust and upper mantle for each path.

INTRODUCT ION

Preliminary studies of the Chinese Mainland by Tung
p

(1974) and Sun and Teng (1977) have shown that China

consists of a small number of subplates. Tung (1974)

using Bouguer gravity distributions , physiography , and
p

group velocity data divided mainland China into six sub-

plates. Sun and Teng (1977) after an investigation of

the surface geology , divided China into three subplates:
p

(1) Chinghai-Tibet subplate; (2) North China subplate;

and (3) South China subplate . The present study will focus

attention on three distinct regions of mainland China:

(1) the Tibetan plateau region of the Chinghai-Tibet sub-

plate; (2) the North China subplate and Tien Shan fold

belt, including the region between Tangshan and Mashad ,
I

Iran; and (3) the coastal region along the North China and

South China subplates between Tangshan and Taipei, Taiwan.

Using a non-linear least squares inversion method ,

intermediate and long period group velocity data were

inverted for a detailed shear wave velocity model of the

crust and upper mantle. Two paths crossing the Tibetan

Plateau of the Chinghai—Tibet subplate, recorded at the

Seismological Research Observatory (SRO) station in Mashad ,

Iran are to be essentially pure paths, since they lie within

one subplate. The first path across the Tibetan plateau

• 2 
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originates from a series of earthquakes occurring in the

province of Szechwan on the eastern boundary of the

Chinghai-Tibet subplate. The second path across the

Tibetan plateau is based on a series of earthquakes located

in Yunnan Province, approximately 650 km south of Szechwan.

The other two surface wave paths studied are a consequence

of the 1976 Tangshan earthquake and its aftershocks. The

third surface wave path parallels the coast of China along

the eastern boundary of the North China and South China

subplates. The other path traverses the region between

Tangshan and Mashad , Iran crossing the Tien Shan fold belt.

Both these paths are mixed paths because they cross

different subplates. Thus an average crustal thickness

and shear wave velocity profile across the entire path will

be presented .

It is well known that group velocity and phase

velocity dispersion data contribute approximately the same

information about a shear velocity model , although group

velocity data tends to be more sensitive to the initial

earth model and produce better resolution upon inversion

(Block et al., 1969, Wiggins, 1972, Der and Landisman,

1972). The simultaneous combination of fundamental and

higher mode dispersion data increases the accuracy and

resolution of the inversion (Block et al., 1969 , Wiggins,

1972, Der and Landisman , 1972). Previous studies (Wiggins,

1972, Der et al., 1970, Der and Landisman , 1972) have

3
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shown that inversion for Rayleigh Waves contributes

more information about an earth model than just inverting

Love waves. Wiggins (1972) demonstates that simultaneous

inversion of Love and Rayleigh waves permits one to obtain

both a shear wave velocity and density structure. Com-

plications often arise in using Love wave dispersion data

owi ng to uncertainties resulting from interference of the

fundamental and higher modes (Thatcher and Brune , 1969 ,

Boore, 1969, James , 1971). The last statement is impor-

tant because in order to invert simultaneously for both

Rayleigh and Love waves correctly, the separate inversions

for both Rayleigh and Love waves should approximately fit

the same final velocity structures.
p 

This study will obtain group velocity measurements

from fundamental and higher mode Rayleigh and Love waves

using a multiple filter analysis. A Gilbert-Backus

(1967) type inversion is used to obtain a shear wave

velocity structure for the crust and upper mantle for

the regions traversed for each path .
p

GEOTECTONICS OF MAINLAND CHINA

Mainland China , between the Western Pacific and

Alpine-Himalayan tectonic belts , presents a multitude

of tectonic complexities of a vast range of topographic

relief and geomorphologic features (Figure 1). The

4
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emergence of the theory of plate tectonics has permitted

the comb ina tion of the resul ts of geological and geo-

physical investigations into a coherent theory of the

origin and evolution of many of the major tectonic lea-

tures evident today on the Chinese Mainland .

Recent ear thquakes , evident throughout China and

most of Asia, are attributed to the consequences of the

collision between the Indian and the Eurasian plates ,

(Figure 2), (Dewey and Bird , 1968, Dewey and Burke, 1973 ,

Molnar , et al., 1973). This is evident in Mainland China

p from the pattern of the trend of the major fault zones

(Figure 3). In western China the major fault zones strike

in an east-west direction , whereas in eastern China the

p zones strike north-northeasterly. Along the major fa.ult

zones important changes in both the Bouguer gravity dis-

tribution (Figure 4) and crusta l thickness (Figure 5)

p occur.

Recons truct ion of the history of the collision of the

Indian and Eurasian plates suggest initial contact in

p Late Cretaceous , and infer a decrease in the rate of

collision by one-half since the Eocene (Dewey and Bird ,

1968, Dewey and Burke, 1973, Molnar et al., 1973). As

p a result of this collision , as much as 1500 km of crustal

shor tening since the Eocene ha s occured as Molnar and

Tapponier suggest (1975) from observation of the Earth

p Resources Technology Satellite (ERTS) photographs , and

6
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p
The locations of tectonic plates
associated with China.

Direction of plate motion.

Plate boundaries drawn from
.‘ seismicity of the world (USGS ,

1967; Molnar et al., l973).

j Convergent plate motion.

p

FIGURE 2
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that deformation in response to the collision extends as

much as 3000 km northeast of the Himalayas.

Crustal shortening resulting from the underthrusting

of the Indian Plate below the Himalayas and Tibet, accounts

for 300 to 700 km of crust, while another 200 to 400 km

of crust may be attributed to thrusting and crustal

thickening in the Pamirs, Tien Shan , Altai, Nan Shari and

4 other mountain belts (Figure 1) (Molnar and Tapponier ,

1975). Rastogi , et al. (1973) using P wave first motions

from earthquakes in both the Assam-Burma region and the

t ‘ Himalayas concluded that the major tectonic activity was

thrust faulting and uplift in Tibet. Based on ophiolites

found in western China and Mongolia, Zonenshain (1973)

reported the existence of ancient oceans which were

associated with this region. Shi, et al. (1973) reported

earthquakes deeper than 200 km in the Tien-Shan region ,

which are often associated with zones of plate subduction.

Chang and Zeng (1973) observed that belts of acidic and

ultrabasic intrusions together with marine deposits are

associated with mountain ranges to the north of the Hima-

layas, which they (1973) attributed to successive stages

of subductiori (Figure 6 ) .  In each stage of subduction ,
) the southern plate was thrust below the Eurasion Plate

resulting in crustal thickening .

The crustal thickening explains at, at the most,

60 percent of total crustal shortening. Molnar , et al..

12
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(1973) and Molnar and Tapponier (1975) attributed the

other major frac tion of the crustal shortening to major

strike-slip faults in China and Mongolia. The strike-

slip faulting associated with earthquakes indicates

Asia is being squeezed in a direction lying between north-

south and northeast-southwest, compatible with India ’s

northern motion. The squeezing causes the crust to thicken

in places. The strike—slip faults in this region trend

in an east-west direction which is approximately perpen-

dicular to the Bouguer gravity contours (Figure 4). From

a correlation of crustal thickness arid Bouguer gravity

anomalies, Tung (1974) concludes that the structural

changes occur in a northeast-southwest direction similar

to the direc tion of maximum compressive stress assoc iated

with strike-slip faulting (Molnar et al., 1973). Molnar

and Tapponier (1975), from the ERTS photographs, observed

several major left—lateral strike slip faults, trending

roughly east—west. Also evident were long linear valleys

and adjacent ridges. These features are characteristic

of strike—slip faulting. In eastern China, especially in

the northeast, Shi, et al. (1973) have discussed the

existence of deep fault zones which have been considered

inactive. Recent seismic activity at Tangshan , in

northeast China , as discussed by Molnar and Tapponier

(1977) indicate that the earthquakes are a result of

complex tectonic movements resulting from an underthrustirig

15
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of the Indian plate below the Eurasian plate.

The mainland of China is subdivided into three sub-

plates (Figure 5). The division of China into major sub-

plates is not new, but has been discussed by McElhinny

(1973) using paleomagnetic data , Whittington and Hughes

(1972) and Jell (1973) using paleontological data , and

Dewey and Bird (1970), Hamilton (1970) and Burret (1974)

from geological studies. From study of the surface geo—

logy, Sun and Teng (1977) divided the Chinese Mainland

into three subplates: (1) the Chinghai-Tibet subplate;

(2) the North China subplate; and (3) the South China

subplate (Figure 5). They are separated by the North-

South and East-West Tectonic Zones (Sun and Teng, 1977).

Each subplate differs in its geomorphologic fea tures ,

gravity anomalies and crustal thickness as discussed by

both Tung (1974) and Sun and Teng (1977). The major

seismic events on the Chinese Mainland occur on the boun-

daries between the subplates and can be related to the

tectonic mechanisms discussed by Molnar and Tapponier

P (1975, 1977)

The North China subplate is bounded on the north

by the Siberian platform (Hamilton , 1970) and to the

south by the Tsinhing Shan (Figure 1). In the west the

North China plate is bounded by the Shansi graben and

the Ordos desert. The Shansi graben consists of a

series of northeast striking faults. The Shansi graben

16
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system extends to the north into the Ordos platform and

is one of the largest graben regions in the worLd. These

features have been observed by LANDSAT-1 imagery as dis—

cussed by Cardwell and Isacks (1976). The major part

of the North China subplate consists of the North China

plain. The North China plain has an average elevation of

less than 100 m and is a sediment filled basin surrounded

by uplifted areas of more than 1 km. Although the North

China subplate is considered an “intraplate ” area , it has

a long history of seismic activity (Lee et al., 1976).

The Tsinling Shan is a sharp paleontological and

physical boundary between the North and South China sub-

plates. The Tsinling Shan consists of a series of faults

striking northwesterly into the Nanshan fold belt. Ko-

bayashi (1967) extended the Tsinling Shari as far north as

Korea .

The Chinghai-Tibet subplate consists of the area north

of the Himalayas including the Kun Lun mountain range.

The Tanim basin and the Tien Shari fold belt, to the north

of the Chinghai-Tibet subplate , are considered separate

tectonic uni ts, although this area has had a homogenous

fauna since the Paleozoic (Burrett, 1974).

The South China subplate is to the south of the

Tsinhing Shan and to the west of the Tibetan and Tsaidam

plateaus. The South China subplate consists of the Yangtze

fault block in the northwest and the South China fold

17
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block in the southeast (Sun and Teng , 1977). The eastern

boundary of the South China subplate runs parallel to the

southeast coast of China , and is coincident with the sub-

duction of the Pacific plate below the Eurasian plate .

The presence of a mélange in the East Coast mountain range

of Taiwan, glaucophane schist in the Central mountain range

of Taiwan , (Sun and Teng , 1977) and considerable seismic

activity in northeast Taiwan (Katsumata and Sykes, 1969)

— has been used as evidence that this region is an active

subduction zone.

The division of China into three major subplates is

helpful from the standpoint of surface wave dispersion

studies. The concept of regionalization , first proposed

by Toksoz and Anderson (1966) consists of dividing a

surface wave path into oceanic , shield , and mountain

tectonic segments. Each segment has a different effect 4
upon the average group velocity . Toksoz and Anderson

(1966) noted that shield areas raise the average group

velocity . In contrast, active tectonic and mountainous

regions have the effect of lowering the average group

velocity. As a result, surface wave paths crossing

different tectonic regions will have different velocity

dispersion curves. Tung (1974) studied the relationship

between the concept of regionalization as applied to

Mainland China and its tectonic implications and concluded

that Mainland China could be divided into several major

subplates 
19
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PREVIOUS GEOPHYSICAL STUDIES

Previous geophysical studies of the crustal and

upper mantl e structure of mainland China have made use of

seismic refraction and reflection profiling , surface wave

dispersion and Bouguer gravity. In the absense of data

from explosion seismology and due to the lack of a

sufficient number of seismological observatories , the study

of the dispersion of surface waves remains the only method

presently available to study the crust and upper mantle

in many of these regions.

Tibetan Plateau

Knowledge of crustal thickness velocity structure under

the h imalayas and the Tibetan plateau from other surface

wave dispersion studies is limited . The earliest surface

wave- -dispersion studies in this region were performed by

Stonely (1955), Tandon and Chaudhury (1963) and Saha

(1965). These studies concluded that crustal thickness

beneath the Himalayas rind the Tibetan plateau was greater

than for an average continental region; however , these

studies failed to provide either a velocity profile or

an estimate of crustal thickness. Tandon and Chaudhury

(1963) estaolished an average crustal thickness of 45 km

between Novaya Zcmlya and New Delhi by studying dispersion

of Rayleigh waves generated from a high yield Soviet

nuclear explosion. A similar average crustal thickness

was reported by Saha (1965) using the same path but a

20
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different nuclear event. -

Gupta and Nasrain, (1967) using an earthquake north

of the Soviet Union , recorded in Seoul, Hong Kong , New

Dehli and Shillong , calculated an average crustal thickness

of 45 km for those paths that pass through the Tibetan

Plateau. Comparing the observed dispersion curves with

a theoretical dispersion curve for a three layer earth ,

Gupta and Nasrain (1967) arrived at a crustal thickness

below the Himalayas and the Tibetan plateau of 65 to 70 km.

Negi and Singh, (1973) using the same event as Gupta

and Nasrain (1967) but investigating the Love wave dis-

persion characteristics by ray-theory techniques, calcu-

lated a crustal thickness of 50 km for a laterally inhomo-

geneous crust. Negi and Singh (1973) reported an average

shear velocity in the crust of 3.55 km/sec and an average

shear velocity of 4.61 km/sec in the upper mantle.

Tseng,et al. (1963) using two earthquakes with epi-

centers in the New Britain Islands, recorded at stations

throughout China , evaluated phase velocities along these

paths by applying the tripartite method . They estimated

a crustal thickness beneath the Tibetan plateau of 72-76

km (Figure 8).

Tung (1974), using events occurring on the eastern

boundary of the Tibetan plateau performed surface wave

inversion for four distinct pure paths located within the

Tibetan Plateau . The method used by Tung (1974) as with

21
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FIGURE 8: Location of recording stations

and the resul ting crustal thickness

(Tseng and Sung, 1963)
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previous investigators who performed sur face wave inver-

sions is a trial-and-error technique and does not provide

a measure on the resolution or standard deviation for the

resulting velocity structure . Tung (1974) reported group

velocities substantially lower than the average continental

dispersion (Ewing et al., 1957). The differences in group

velocities extend to periods of 120 seconds, which infer

abnormal structure in the upper mantle under the Tibetan

plateau. lung (1974) fitted the observed Rayleigh wave

data to a theoretical model with four layers in the crust.

The first layer with an average shear velocity of 2.80

km/sec corresponds to a sedimentary layer. The second

and third layers have average shear velocities of 3.2

and 3.6 km/sec respectively, corresponding to granitic

and basaltic rocks. The fourth layer has an average

shear velocity of 3.8 to 4.0 km/sec. This velocity

corresponds to basaltic rocks under 20 kilobars of pressure

at depths of 50 to 70 kms. Tung (1974) cited a crustal

thickness of 78 km. At the top of the upper mantle the

p shear wave velocity range is 4.35 to 4.55 km/sec. The

low velocity zone was estimated to be at a depth of appro-

ximately 90 km with shear wave velocities as low as 4.10

p km/sec indicating a high percentage of partial melting ,

Tung (1974).

Bird and Toksoz (1966) performed Rayleigh wave

p attenuation studies using data recorded at Kabul , Nilore ,

24
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• New Dehli, Shil long , and Hong Kong for six earthquakes with

paths crossing the Tibetan plateau. Based on an earth

model compatible with their observation, they found the

best fitting attenuation layer , centered at a depth of

70 km. The structural model they presented for the

Tibetan plateau was a 70 km thick crust with the lower

most part of the crust having a shear velocity of appro-

ximately 3.8 km/sec.

Chun and Yoshii (1977) , using Rayleigh and Love waves

recorded at WWNSS stations surrounding Tibet in the period

range of 5 to 100 seconds were able to fit a crustal

thickness of 70 km to their data and observed a low

velocity zone at intermediate depths. A detailed analysis

of the short period data (5-15 seconds) showed that the

Tibetan plateau is devoid of thick low velocity sediments.

They attribute the strong dispersion of short period

surface waves to a low velocity uppermost crust of the

Himalayas and the Gangetic basin , for events recorded at

New Dehli.

Other geophysical studies of imoortance to the crustal

structure of the Tibetan plateau are Bouguer gravity

surveys and seismic reflection and refraction studies. The

Bouguer gravity distribution (Figure 4) compiled by the

Un4 ted States Air Force (1971) shows a Bouguer gravity

anomaly of -575 milligals centered on the Tibetan Plateau,

with a belt of rapid decrease relative to adjacent areas

25
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from -200 to —550 milligals around the periphery. Masaru

(1974), as part of the Japanese Mount Everest Expedition -

of 1970, performed gravity measurements in East Nepal and

the lower and higher Himalayas. He calculated a crustal

thickness in these regions between 63.4 and 74.5 km in

accordance with the gravity data. The tectonic map

(Figure 5) of the Institute of Geology of the Chinese

Academy of Sciences (1974), composed of the results of

seismic reflection and refraction and gravity surveys

shows the 60-70 km isopath coinciding with the borders of

Tibet.

Northern and Northwestern China

The early geophysical studies of northwestern China

include results of explosion seismology , surface wave

dispersion, and body wave travel time studies performed

by Tandon (1954), Nagmune (1956), Riznichendo (1958),

Kovach (1959), Saverensky and Sheckov (1961), Zverev

(1962), Sheckov (1964) and Arkhangel’skaya (1964). Riz-

nichendo (1958) proposed that the roots of the Tien Shan

Hercynian belt are due to a thick basaltic layer (appro-

ximately 20 km of granite over 30 km of basalt) which

corresponds to a 50 km crust. Kosminakaya, et al. (1958),

P using deep seismic soundings in the lien Shan and Pamir

mountain ranges arrived at a crustal thickness of 65 km.

Using a theoretical model proposed by Dorman (1959) for

P Love wave dispersion (case 201), Schechkov (1961, 1964)

26
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and Saverensky and Schechkov (1961) were able to fit

surface wave dispersion data to a theoretical model for

a three layer earth with a crustal thickness of 50 km,

for paths across Northwestern China.

Tseng, et al. (1963), using phase velocities, determined

crustal thicknesses of 50 to 55 km for Northwestern China ,

44 to 47 km for North Central China , and 40 to 42 km for

Northeastern China.

From Rayleigh and Love wave dispersion data for paths

which crossed Northwestern, Central and Northeastern
p China , lung (1974) arrived at the following conclusions:

(1) Northeastern China has crust approximately 30 km

thick with an upper mantle structure similar to South-

eastern China.

(2) Central China has a crust approximately 40 km

thick with a low velocity zone more prominent than North-

p eastern China.

(3) Northwestern China has a crustal thickness of

approximately 45 km with crustal thickening towards the
p Tien Shan mountain range. The upper mantle structure

of Northwestern China is similar to that of Tibet.

The Air Force Bouguer gravity map (1971) for North-

-~ ~ western China shows the -400 milligal Bouguer anomaly

contour running east-west, parallel to the Kun Lun and

lien Shan mountain ranges , with a gravity high of -100

milligals in the middle of the Tarim basin. In North

27
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Central China the Bouguer gravity anomalies range from

approximately -175 milligals in the west to -70 milligals

in the east. Finally, in Northeastern China the Bouguer

gravity anomalies range between -70 milligals in the

wes tern region to 0 milligals along the coastal regions

(Fi gure 4 ) .

The tectonic map of China compiled by the Institute

of Geology of the Chinese Academy of Sciences (1974)

(Figure 5) shows isopaths in the Kun Lun Mountain range

and eastern most segment of the Tien Shan . To the east

of the north-south tectonic zone the isopaths run roughly

parallel in the direction of north , north-east from 45 km

in the west to 30 km in the east.

Coastal Region Between Tangshan to Taipei

Previous geophysical studies in the region between

Tangshan (near Peking) and Taipei have been of a seismic

reflection or seismic refraction nature and have been

compiled in the form of a map (Figure 5) presented by

the Institute of Geology of the Chinese Academy of Sciences

(1974). Tangshan lies just off the 40 km isopath . The

path from Tangshan to Taipei crosses the 35 km isopath,

and parallels the 30 km isopath. From the U.S. Air Force

Bouguer gravity map (1971) the region between Tangshan

and Taipei has gravity anomalies ranging between -20 to

+20 milligals (Figure 4).
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SURFACE WAVE ANALYSIS 
S

Data

Earthquakes used in this study (Table 1) were chosen

such that a major portion of their wave paths would fall

within the three subplates of which the Chinese Mainland

consists. Wave paths across the Chinghai-Tibet, North,

and South China subplates are shown in Figure 9. A
p

number of earthquakes are used for each path in order to

obtain data repeatability and observational uncertainties.

The path lengths range from approximately 1700 km to
p

over 5000 km. For the path length that was less than 2000

km (Tangshan to Taipei) the accuracy of surface wave data —

of periods greater than 64 seconds was limited .

All events were recorded at two Seismological Research

Observatory (SRO) stations in Mashad , Iran (MAIO) , and

Taipei , Taiwan (TATO). The SRO stations at Mashad and

Taipei were chosen because they fulfilled the geographic

requirement that a major portion of the path be within

the subplate to be studied.

Data obtained for an SRO station is digitized ,

multiplexed and stored on tape. Three long period channels

(vertical , east—west, and north-south) are sampled con-

tinuously at a rate of once per second. Short period

data is sampled only when an event is detected (Rosenthal

+ 
and Teng, 1977). Peterson (1976) has described the

structure of the information on the SRO data tapes.
29
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TABLE 1

Ear thquakes and Recording Sta tions

Used in this Study

Orig in
Location Time Recording Station Magnitude

39.8° N July 28, 1976 MAIO 5.4
118.6° E 15 hr 35 mm
N.E. China 55.3 sec

40.10 N July 28, 1976 MAIO 4.2
118.3° E 16 hr 24 mm
N.E. China 04.7 sec

39.9° N July 29, 1976 MAIO 5.1
118.0° E 1 hr. 01 mm
N.E. China 04.1 sec

39.8° N July 30, 1976 MAIO 5 .4
117.8 ° E 21 hr 23 mm
N.E. China 13.8 sec

39 .6°  N Aug 2 , 1976 MAIO 4 . 4
117.9 ° E 9 hr 16 mm
N.E. China 00.5 sec

39.7° N Aug 8, 1976 MAIO 4.9
118.5° E 1 hr 0.9 mm
N.
~~
. China 12.4 sec

40.2° N Aug 8, 1976 MAIO 5.1 —

118.9 ° E 22 hr 41 mm
N.E. China 34.3 sec

39.6 ° N Aug 14, 1976 MAIO 4 .7
118.5° E 16 hr 02 mm
N.E. China 44.5 sec

32 .753 ° N Aug 16, 1976 MAIO 6.1
104.157° E 14 hr 6 mm
Szechwan 45.9 sec

2.893° N Aug 19, 1976 MAIO 5 .4
104.18 9° E 12 hr 49 mm
Szechwan 47.7 sec

32.571 0 N Aug 21 , 1976 MAIO 6.1
104.152 ° E 21 hr 49 mm
Szechwan 54.2 sec
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TABLE 1 (Continued)

Origin
Location Time Recording Station Magnitude

3 2 . 4 9 2 °  N Aug 23, 1976 MAIO 6.2
104.181° E 3 hr 30 mm
Szechwan 7.6 sec

32.460° N Sept 1, 1976 MAIO 5.1
104.152° E 1 hr 6 mm
Szechwan 51.8 sec

24.343° N May 31, 1976 MAIO 5.5
96.642° E 5 hr 8 mm

Yunnan 28.5 sec

24.191° N July 3, 1976 MAIO 5.3
98.676° E 16 hr 33 mm

Yunnan 23.1 sec
p

39.8 ° E July 28 , 1976 TATO 5.4
118.6° E 15 hr 35 mm
N.E. China 55.3 sec

39. 9 ° N July 29 , 1976 TATO 5.1
p 118.8° E 1 hr 01 mm

N.E. China 04.1 sec

39.8° N July 30, 1976 TATO 5 .4
118.9° E
N.E. China

p

39.6 ° N Aug 1, 1976 TATO 4 . 6
117.8° E 20 hr 53 mm
N.E. China 53.6 sec

39.9° N Sept 6, 1976 TATO 4.8
118.8° E 17 hr 02 mm
N.E. China 01.5 sec

MAIO: Mashad , Iran 36.30° N
59.49 ° E

TATO : Tapei , Taiwan 24 .976 ° N
121.489 ° E S

p
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FIGURE 9:  Location and wavepaths for Mainland Chmna
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Each SRO data tape consists of 1000 words (2000 bytes)

The f i r s t  ten words are header i n f o r m a t i o n ,  wh i l e  the

next  990 words are long period data (approximately 5

minutes , 30 seconds) .

Rose n tha l  and Teng ( 1977 )  calculated the ampl i tude

and phase response for  the  long period ins t rumen t  which

is given in Tabl e 2.  The numerical fit to a transfer

function was also obtained and has the form (Figure 10)

1
I a . Z

1--
i=o b .Z

1

where Z is a complex number.

1.7442 x l0~~ b0 = 3.5 31 x l0~~

a 1  3 . l ( ~~5 x l0~~ b 1 = 3. 1316 x l0~~ 4
a : 0 .21163  b~ 0 . 1 2 3 7 8

a~ 0 . 14 1 27 b~ = 1.0

Each seismic event must be decoded and plotted from

the data tapes. The radial Rayleigh component and Love

- . component •ire obtained by an appropriate rotation of the

data coordinates. Figures (11) and (12) show the

unrotatod and rotated seismograms for an event for the

p a t h  from Tanqshan to Mashad. Representative seismoqrams

for the other three paths (unrotated and rotated ) are

34 
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p TABLE 2

Phase Angle
Frequency Relative Amplitude (Radians)

p .0667 .460 — 1 . 3 3

.05556 .672 
~
. —1.00

- 

- 

.04546 .912 — 0 . 6 3

p .04 1.00 — 0 . 4 2

.0333 1.01 — 0 . 1 3

.02778 .9 0.10

p .02326 .724 0 .30

.02 
- 

.550 0 . 4 7

.01667 .400 0 .63

.0125 .200 0.92

.01 .108 1.10

.00667 .031. 1.34

.005 .0104 1.51

.0025 .00084 1.84

.00167 .000184 2.00

p
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FIGURE 10: Numerical fit of the response

of long period SRO data (Rosenthal and Teng, 1977)
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FIGURE 11: Unrotated seismogram for

the path Tangshan-Mashad , August 8, 1976

p

38

p

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-55-.--- - -~~~~





— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ______________

- -

t

4

‘S

FIGURE 12: Rotated seismogram for

the path Tangshan—Mashad , August 8, 1976
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presented in Appendix 1.

p Method and Theory

Analysis of the data was performed by using computer

programs adaped for the IBM 370/150 at the University

of Southern California. The first portion of the data

analysis requires the use of a multiple filter ing program

(Dziewonski and Hales , 1970) which reads the distance,

time lapse between earthquake and start of digitization ,

and the digitized Seismogram. Transformation from the

time domain to the frequency domain is carried out by

a Fast Fourier Transform (Cooley and Tukey , 1965).

A Gaussian f ilter is used as extensively described by

Hermann (1973) and Tung (1974) to be of the form :

I
H ( w-w o )  = exp -a 

(

W-U)0

where a is chosen to control the bandwidth of the filter.

The value of w o ranges from periods of 11 to 128 seconds.

After  the transformation to the frequency domain was

• performed , the instrument corrections were made. For

each value the spectral ampli tude was normalized represent-

ing the group velocity arrival for that period . Figures

• ( 13),  ( 1 4 ) ,  and (15) g ive the energy plot of group

arrivals for the Rayleigh , radial Rayleigh and Love corn-

ponents for a representative event over the Tangshan to

P Taipei path after multifilter analysis is performed .

42
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FIGURE 13: Results of multiple f i ltering of

Rayleigh component , Tangshan-Taipei , July 30 , 1976
•
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FIGURE 14: Results of multiple filtering of

• radial Rayleigh component, Tangshan-Taipei , July 30, 1976 : 1
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FIGURE 15: Results of multiple filtering of

Love component, Tangshaz.--Taipei, July 30, 1976
p

45

- -S.-. ~~~~~ 
~~~~~~~~~~~~~~~~  

-



-5 -55 -S ~~~ SSS55
=~,~~~~_ ~~~~~~~~~~~~~v ’7~~ -

p

Representative multifilter analysis for the other paths S

are presented in Appendix 2. The contours drawn represent

the relative amplitude of wave energy arrivals and the

dispersion curve is derived by connecting the maximum

amplitude points. Often at the low period end (below

20 seconds) ambiguity arises in drawing contours resulting

from interference by S waves. The contour lines give

several local maxima and will not allow a clear-cut

determination of group velocity values.

The dispersion curves for Rayleigh and Love waves are

• plotted for all events of each path in Figures (16-23).

Included are higher mode data when observable from the

multifilter analysis. Statistical properties of the

observations for each path are shown in Tables (3) - ( 6 ) .

The program used for the inversion of the surface

wave dispersion data is bas~?d upon a Backus-Gilbert inver-

sion method (1967, 1968, 1970) as applied to intermediate

and long period group velocity data. Lucid descriptions

of the Backus-Gilbert method in a matrix formulation have

been presented by Jackson (1972), Wiggins (1972), Crossen

(1976) and Rosenthal and Teng (1977). A brief outline

of the method is presented below .

The fundamental equation for the generalized least

squares linear inverse problem is:

Y = A X  (1)
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P TABLE 3

Tangshan-Taipe i Observed Dispersion Data

Rayleigh Wave Love Wave
• Period (sec ) _ (km/sec)~~~ (km/sec)

64 .0  3 .49  + .06 3 . 8 5  + .15
51.2 3.48 .09 3.71 ± .10
4 2 . 7  3 . 4 6  + .11 3 . 6 9  ± .06
36 .6  3 . 4 8  + .11 3 . 5 9  ± .05
32 .0  3 .30  + .09 3 . 5 2  + .08
2 8 . 4  3 . 2 9  .05 3 .3 7  + .05
25.6  3.15 ~ .08 3.31 ~ .05
23.3  3.04 .05 3.19 ~ .05
2 1 . 3  3 .00  .06 3.19 + .05
19.7 2 .84  .06 3.12 .09
18.3 2.76 ~ .09 3.12 1 .07
17.1 2 .72  .06 3.04 + .09
16.0 2.67 .05 3.02 .04
15.1 2.63 1 .10 2 .93  .05
13., 5 2 .58 ~ .13 2.89 .10
12 .2  2.52 .10 2 .85  .15

• 111 2.59 + .18 2.90 + .07
10.2  2 .64  i .17 2.91 ~ .15

~
Ij
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TABLE 4

Tangshan-Mashad Observed Dispersion Data

Rayleigh Wave Love Wave
Period (sec) (km/sec) (km/sec)

102.4 3.73 + .20 4 .00 + .20
85.3 3.65 ~ .18 3.91 + .13
73.1 3.69 ~ .10 3.91 ~ .10
64.0 3.57 ~ .10 3.85 ~ .05
56.9 3.65 ~ .18 3.74 + .06
51.2 3.54 ~ .05 3.70 + .11
46.5 3.47 ~ .05 3.66 .10
42.6 3.43 .05 3.56 .06
39.4 3.35 ~ .05 3.46 .05
36.6 3.22 + .05 3.38 + .05
34.1 3.14 i .04 3.36 + .05
32.0 3.10 + .05 3.31 + .05
30.1 3.01 1 .06 3.29 .06
26.9 2.93 i .06 3.21 .05
24.4 2.91 ~ .08 3.18 ~ .05
22.3 2.85 .10 3.16 ~ .07
20.5 2.74 ~ .06 3.17 .05

— 18.9 2 .78  + .10 3.14 + .05
16.0 2.82 .18 3.06 ~ .0613.8 2.75 ~ .07 3.01 ~ .06
12.2 2.79 .08 2.95 ~ .10
10.9 2.69 .08 2.89 ~ .15

P
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TABLE 5

Yunnan-Mashad Observed Dispersion Data

Rayleigh Wave(km/sec)
Period(sec) Fundamental First Higher Mode

102.4 3.52 + .15
85.3 3.49 + .15
73.1 3.41. ~ .10$ 64 .0  3.25 .15
56.9 3.12 ~ .10
51.2 3.05 + .10
46.5 3.00 i .10
42.7 2.95 + .10
39.4 2.87 :j: .07

— 36.6 2.79 ~ .07
34.1 2.73 ~ .07
32 .0 2.71 ~ .07
30.1 2.73 i .15
27.0 2.67 ~ .15
2 4 . 4  

- 2.85 1 .15
22.3  2 .79  + .05
20.5 2.79 + .05 4.09 + .15
18.9 2 . 77  ~ .05 3.80 ~ .17
16.0 2.77 ~ .06 3.48 + .10
13.8 2.77 ~~~ .06 

—

12.2 2 .64  .15 3.17 + .08
10.9 2.7 1 1 .10 3.15 ~ .07
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TABLE 6

Szechwan-Mashad Observed Dippers ion Data

p Rayleigh Wave (km/sec)
Period (sec) Fundamental Firs t Higher Mode

102.4 3.54 ± .17
85.3 3.56 + .09
73.1 3 .49  + .06
64.0 3.41 ~ .0756.9 3.28 ~ .06
51.2 2.96 i .15
46.5 2.96 ~ .154 2 .7  2 .95 i .07
39.4 2.87 + .06
36.7 2 .87 ~ .08
34.1 2.87 + .09
32.0 2 .79 + .10
30.1 2 . 7 6  ~ .09

1 -  26.9 2 .75 ~ .06
f 24.4 2.74 + .07

22 .3  2.76 ~ .04
20.5 2.69 1 .05
18.9 2.71 ~ .04
16.0 2 .73  ~ .04 3.71 + .20
13.8 2 .70  1 .07 3 .45  ~ .15

— 12.2 2.73 + .13 3.35 + .15
10.8 — 

3.16 ~ .10
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where Y represents the observations which are related to

p the parameters of the model X by the matrix A. The

problem is assumed to be linear or to have been linearized , —

in which case Y is the difference between the observations

and the theoretical data determined for an initial model

X0. X is a vector which consists of parameter chanyes

which are to be determined and which must be added to X o ,

* the initial parameter model , to cause Y to be minimized . —

A is a matrix of partial derivatives which are first order

Taylor Series expansions of the non—linear function about

the initial model X0.

t~Y = AAX (2)

In our case , the observations are group velocities of

Rayleigh and Love waves , the model parameters are the

compressional velocities, shear velocit ies, and densi t ies

for a hor izon ta l ly layered ear th , and the par t ia l  deri-

vatives of matrix A are generated numerically by the

method described by Rodi,et al. (1974)

The ma t r ix  A by means of a single value decomposi-

tion described by Lanczos (1964) may be written as

A = UAV T ( 3 )

• where the columns of Ii are the eigenvectors associated

62
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with the columns of A , the rows of V are associated with

the rows of A , and A is a diagonal matrix of non-zero

eigenvalues of matrix A.

I A .

A = A
T
A =  . . . (4)

An

p
Following the development describec by Jackson (1972)

we let:

P
H = (ATA) 1 A

T ( 5 )

HAAX = HAY ( 6 )
p

AX + HAAX = HAY (7)

•
Substituting equation (3) into equation (7)- :

AX = (AV I UT)AY (8)
p

where

4 
H Av _ 1 u T 

(9)

The product ATA of equation (4) is often near singular

causing : (1) the solution vector to become too large

63
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which will cause the problem to leave the region of

linearity ; or (2) the solution vector to oscillate with

each iteration. The cause of the instability is when

H, the pseudo inverse of equation (2):

H = VA I UT (10)

p where

A 1 0  . . . .  —l

P _ i  0 A 2 0 . . .
A =

0 A n
p

has eigenvalues , A . ,  which approach zero. This will

result in a large change in A X for a very small eigen-

p value A
~~
. Both Franklin (1970) and Marquardt (Crossen,

1976) developed methods to overcome this instability in

the inversion due to small eigenvalues.

P The method developed by Franklin (1970) is known as

the stochatic inverse method. The parameter changes ,

X, are determined in the presence of noise and equation

p (2) becomes:

A A X + N AY (11)

p
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where N is observational noise. The solution is repre-

:1 sented as:

AX = WAT (AWA T + EDY ’AX (12)

where W is the covariance matrix of the parameters and

ED is the covariance matrix of the observations (Rosen-

thal and Teng, 1977).

In the Marquardt method (Crossen , 1976) equation (12)

is written:

AX = (ATA + 6 2 I ) ATAY (13)

where 62 is known as the trade—off parameter. Substi-

tuting equation (3) into equation (13):

AX = V I (A 2 + 6 2 I) _ 1
A I U

TAy (14)

Following the development by Crossen ( 1976) and Rosenthal

and Teng (1977) the elements in the brackets are :

HA 2 + 6 2 I) 1 A . I  = A~~/ ( A . 2 + 6 2 )

The instabili ty is eliminated by tapering the eigenvalue

spectrum. As A 1 approaches zero, AX
~ 

approaches zero.

P The resolution matrix now may be written as either:

65
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R = HA = (ATA + 62I)APA = V I (A + 62 I) _ 1
A 21vT ( 15)

using the Marquardt method or: -

R = ( A 2 + ~ 2 1y 1 fl 2~~~~T (16)

P using the stochastic inverse method. The parameter is

adjusted in both meti~ods until a suitable trade—off o 2

between standard deviation and resolution is achieved .

P Either the Marquardt method or the stochastic inverse

method are applied in the inversion depending on the number

of parameters and observations. If the number of obser-

P vations exceeds the number of parameters the Marquardt

method is used. If the number of parameters exceeds the

number of observations the stochastic inverse method

P is used.

Two other elements used in the inversion process are

the apr iore (SDX 0 ) and postpriori (SDX ) standard devia-

tions of the inversion parameters.

SDX0 = DT (6 W ~~~~) D  ( 17)

P

SDX = (DTATED
_ 1

A + 6W~
_ 1 r.1D½ ( 18)

where D is a row vector of delta matrix, (0, 0, . . . 1
66
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0). By comparing the magnitude of SDX to SDXØ one

can determine how much new information is coming from the

data. For examp le, if the value of SDX and SDX are

approximately equal then li ttle new information is being

obtained from the data.

RESULTS AND DISCUSSIONS

From topography , Bouguer gravity, and surface wave

dispersion information, Mainland China may be divided

into three subplates. When a pure path configuration

is possible, lik e in the Tibetan plateau, the interpre-

tation of the shear wave velocity profile in the crust

and upper mantle is straightforward . Where a path crosses

- - two or more subplates only an average shear wave velocity

profile will be presented.

Initial models for the inversion were based upon the

results of a previous surface wave study of Mainland China

by Tung (1974). Inversions were performed for corn-

pressional wave velocity , shear wave velocity , and den—

sity. As discussed by Wiggins (1972), Der, et al.

(1973), and Jackson (1976) the partial derivatives for

shear wave velocity are larger than those for compressional

wave velocity or density. Therefore the resolution for

shear wave velocity is considerably better than for the

two other parameters and only the resolution matrix for

the partial derivatives with respect to shear wave velocity

67
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shall be presented.

When group velocities are inverted for an earth struc-

ture in the model f i tting process, they are within 0.2

km/sec of the observed group velocity for both pure and

mixed paths .

Tibetan Plateau

Two separate paths across the Tibetan plateau were

used (Figure 9). Both paths originate from earthquakes

on the eastern boundary of the Tibetan plateau. The

first group occurred in Szechwan Province and the second

group of earthquakes occurred in Yunnan Province, south

of Szechwan Province. A list of the surface wave trains

used acros s the Tibetan plateau is given in Tables (7) and

(8).

For each path across the Tibetan plateau, inversions

were performed using the fundamental and first higher

mode Rayleigh waves. The fit of the theoretical model to

the observed group velocities are presented in Figures

(24-26). A comparison of the average continental disper-

sion for Rayleigh waves (Ewing et al., 1957) to Rayleigh

waves of the four paths across China is presented in

Figure (2). The group velocities across the Tibetan

plateau are less than the group velocities for the average

continental structure. The difference extends ~~ periods

of 120 seconds which infers an abnormal upper mantle

structure .
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TABLE 7

Seismogram Components Used for the

Pa th Szechwan to Mashed

Recordinq
Earthquake Station Component Wave rype Distance (km )

Aug 16, 1976 MA IO Vertical Rayleigh 4080

Aug 16, 1976 MAIO Radial Rayleigh 4080

Aug 19, 1976 MAIO Vertical Rayleigh 4078

Aug 19, 1976 MAIO Radial Rayleigh 4078

Aug 21, 1976 MAIO Vertical Rayleigh 4095

Aug 21, 1976 MAIO Radial Rayleigh 4095

~.ug 23, 1976 MA IO Vertical Rayleigh 4088

Aug 23, 1976 MAIO Radial Rayleigh 4088

Sept 1, 1976 MAIO Vertical Rayleigh 4090

Sept 1, 1976 MAIO Radial Rayleigh 4090

P

P

P

P
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TABLE 8

Seismogram Componenta Used for the

Path Yunnan-Ma.had

Recording
Earthquake Station Co~~onent Wave Type Distance(kin)

May 31, 1976 MAIO Vertical Raylei gh 3956

May 31 , 1916 MA IO Radial Rayleigh 3956

July 3 , 1976 MAIO Ver tical Rayleigh 3967

July 3, 1976 MAIO Radial Rayleigh 3967

P

p

p

70

p

55 - 5 5--. -. -S- -- -—---.•.-S- 
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ —-5 - -5



_______________________________________ - —S-- --- -_-:,.
~~~~~~~~~ 5-._.___.___S______ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I

FIGURE 24 : Theoretical and observed group

velocities for SM i

P
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FIGURE 25: Theoretical and observed group

velocities for model SM2
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FIGURE 26: Theoretical and observed group

velocities for YM1

P

p

75

P 

~~~~~~~~~~~~~~~~ 
- — —

~~~
- —

~~
-
~~~

- - 
5-5 

-

~~~~~~~



- -5-- - - - -- 
-55 -55 55 —55--- -- - ———

~~~
-
- --S~~~~~—-~.- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - -

U , km/sec

lx,

0 
00 0 0 -

00

0 0

00
00 

-

H
Oo

-

00

-

0 0 00

-<0

— _ m 

—

0-
I-’ m 

-

Q.

N-
0 

-

76

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - -



r’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
--  

T~~~~~~~~~~~~~~~~~~ ——- -- • - -55--- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - 
- - -~~~~~~~ .- -S.”

FIGURE 27: Comparison of Rayleigh wave group velocities

- from all the paths across China with the average

continental dispersion (Ewing et al., 1957)
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Group velocities across the Tibetan plateau are the

lowest of all the regions of China. For the fundamental

mode , Rayleigh wave group velocities ranged between 3.60

km/sec to 2.60 km/sec . Steep slopes for both paths across

the Tibetan plateau occur between 40 to 60 seconds, where

change in the group velocity can range as high as 0.6

km/sec . Love waves were not used in the inversion because

P of the absence of ampli tude maxima in the dispersion curves

between 30 to 60 seconds. Various studies have been made

(Thatcher and Brune , 1979, Boore , 1969 , James, 1971) that

P discussed the problem of interference of Love waves cross—

ing inhomogeneous media. Tung (1974) attributed this pro-

blem in the Tibetan plateau to Love waves following a non-

least time path. A possible structural implication is

that there exist structures along the path corresponding

to wave lengths of the Love waves causing the wave energy

to travel a non-least time path with slower velocities.

Starting and final shear wave velocity models with

standard deviation bars for the path Szechwan to Mashad

are presented in Figures (28 and 29). In Tables (10-13) -

the ini tial and final model parameters and the resolution

matrix for each model are presented . The resolution matrix

for the eight layer model is listed in Table (11). From

the width of the resolving kernels it is possible to

resolve layers of 15 kin in the upper crust, 15-20 km in

the middle crust, and 25-30 km in the lower crust.
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FIGURE 28: Resulting shear wave velocity model for SM1
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FIGURE 29: Resulting shear velocity model for SM2
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TABLE 9

Definition of Model Abbreviations

SM1: Szechwan-Mashad , 8 layer model

SM2: Szechwan-Mashad , 11 layer model

YM1: Yunnan-Ma shad

TM1: Tangshan-Mashad

TT1: Tangshan-Taipei
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Starting and final shear wave velocity models with

standard deviation bars for the path Yunnan-Mashad are

presented in Figure (3) - Tables (14) and (15) illustrate

the initial and final model parameters and the resolution

matrix. From the width of the resolving kernels (Table

13) it is possible to resolve a 10—15 km layer at the top

of the crust, 15—20 km layer in the middle of the crust,

and a 20-25 km layer at the base of the crust.

Resolution in the mantle is poor for both paths . The

standard deviations were less than .10 km/sec for all

models presented. Increasing the resolution in the crust

and mantle by adjusting the trade-off parameter S , leads

to both large standard deviations and instabilities in

the shear wave velocity model. An increase in the resolu-

tion for both paths across the Tibetan plateau can be

achieved from the addition of Love waves and higher period

(greater than 120 seconds) data .

A measure of the amount of new information obtained

from the data is given by comparing the magnitudes of

— the apriori (SDX0) to the postpriori (SDX) standard

deviations given in Tables (8, 10, 12) - In the upper

mantle there is only a small amount of new information

• being obtained from the data, and the final model is being

most effected by the starting model. As a result, a low

velocity layer can only be inferred from the small amount

of new information being obtained . The addition of data

89

‘ P

~~~~ ‘ 4 - 4~” 5- -”~~~~~ - ________________

~

_-__

~

__--
--5 —— —-5— .5 — -~~~~~~~~~-----— -~~~~~~~~ ---- S--.

~~
-- —-5 ~~~~~_ 555555~5-5 —.5-— --- —55— -5- —-5- 55 — s.s s . ~~~ 5-~~ - ~~~~~~~~~ -~~~~~



FIGURE 30: Resulting shear wave velocity

model for YM1
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for periods longer than 120 seconds and good Love wave data

would significantly increase the amount of new information .

The shear wave velocity structure for both paths

crossing the Tibetan plateau is similar. The crust is

approximately 70 km thick and may be broken into four

layers. The first layer shear velocities range between

2.87 to 3.06 km/sec suggesting a layer approximately

15 km thick of sedimentary origin. Tung (1974) and Mu ,

et al. (1974) discussed the existence of thick sedimentary

layers in the Mount Jolmo Lungma (known in the West as

Mount Everest) reg ion of the Himalayas. Both Birch (1963)

and Simmons (1964) report shear velocities for sedimentary

rocks at 10 to 15 km of approximately 3.00 to 3.08 km/sec.

A second layer with shear wave velocities ranging from 3.20

to 3.40 km/see, approximately 15 km thick suggests a layer

partly of granitic composition . A third layer with shear

velocities between 3.40 to 3.70 km/see, approximately

15 to 20 km thick , suggests a granitic layer . Birch

and Bancroft (1958), Birch (1961 , 1963) and Simmons (1964)

report shear wave velocities for granite under 3 to 5

kilobars of pressure of 3.45 — 3.70 km/sec. Simmons (1964)

reported that granite with a shear wave velocity of 3.56

km/sec at 1 kilobar pressure, has a shear wave velocity

of 3.79 km/sec at a pressure of 10 kilobars. Since depths

of 50 to 70 km correspond to pressures of approximately

20 kilobars , a 25 to 30 km thick layer with an average

94 

--—..--~~~~~~
. .- --~~•



- - .~ • - - - - S •~~~~- -,

shear wave velocity of 3.90 km/sec is reasonable.

• The shear wave velocity profile for the Tibetan

- • plateau is in agreement with those values presented by

Tung (1974) and Bird and Toksoz (1977) - Inverting Ray-

l’eigh and Love wave group velocities by a trail and error

method of inversion, Chun and Yoshii (1977) presented an

average shear velocity structure across the Tibetan

plateau . A crustal thickness of 70 km and a velocity

reversal in the middle crust were reported but standard

deviations for the shear velocities and their resolution

were not discussed . Owing to a 15 to 20 km resolution in

the middle crust it is doubtful a velocity reversal could

be observed for data over the two paths presented .

As a result of the small amount of information

(apriori vs. postpriori standard deviations) derived from

just inverting Rayleigh waves, conclusions about the upper

P mantle structure of the Tibetan plateau are tentative . The

upper mantle shear velocities are lower than either the

Gutc~nburg earth model of Tacheuchi, et al. (1964) or the

• Brune and Dorman (1963) model for the Canadian Shield

(Figure 31). The velocity at the top of the mantle is

approximately 4.4 km/sec with indications of a low velocity

• layer at 90 km. Since the low velocity layer can only be

inferred the significance of the extremely low velocities

at 4.10 km/sec is tentative. Low shear velocities in the

P upper mantle of Tibet have been reported by Tung (1974)
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1
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which suggests a high degree of partial melting and a

reduction of resistance to movement (Anderson , 1972).

Tangshan to Mashad

The path between Tangshan and Mashad , Iran (Figure 9)

crosses Northeast China , North Central China , and the Tien

Shan mountain range within Northwestern China . This path

crosses two subplates , the North China subplate and Tien

Shan fold belt unit , according to Sun and Teng (1977) .

Tung (1974) found crustal thicknesses of 30, 40, and 45

km for Northeast, Central and Northwestern China respec-

tively. Crustal thicknesses in the Tien Shan and Pamir

mountains have been reported as high as 65 km (Arkhangel’

skaya, 1964)

A list of the earthquakes and surface wave trains

used over the path Tangshan to Mashad are listed in Table

(16). The fit of the theoretical model to the observed

P group velocities for the Rayleigh and Love waves is given

in Figure (32) . The theoretical Rayleigh wave group

velocity is lower than the average continental Rayleigh

• wave dispersion (Ewing et al., 1957) . Starting and final

shear wave velocity models with standard deviation bars

are presented in Figure (33) . Tables (17) and (18) present

• the starting and final model parameters and the resolution

matrix. From the width of the resolving kernals presented

in Table (18) it is possible to resolve a 10 km layer at

• the top of the crust, 10 to 15 km layer in the middle of
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TARLE 16

Seismogram Components Used f or  th e

p Pa th Tangshan to Machad

Recording Distance
Ear thquake Stat ion  £~~onent Wave Type (km)

July  29, 1976 MAIO Vertic al Rayleigh 5119

July 29 . 1976 MAIO North—South Love 5119

July  30 , 1976 NA t O North-South Love 5072

Aug . 2, 1976 MAIO Vertical Raylei gh 5053

Aug . 8, 1976 NA tO Vertic a l Rayleigh 5100

Aug . 8 , 1976 MAIO Vertical Rayleigh 5118

Aug . 8, 1976 NA tO North-South Love 5100

Aug . 14 , 1976 NAtO Vertical Raylei gh 5103

Aug . 14 .  1976 MAIO North-South Love 5103
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FIGURE 32: Theoretical and observed group

T velocities for TM1
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FIGURE 33: Resulting shear wave velocity

model for TM1
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the crust, and a 20 km layer at the base of the crust.

When Rayleigh and Love waves are inverted simultan-

eously a considerable amount of new information may be

derived from the data . Observing the magnitude of the

apriori (SDX0) vs. the postpriori (SDX) standard devia-

tions, considerable new information is obtained at depths

of 100 km (seventh layer). Below this depth the new infor-

mation obtained from the data is less and the final model

is most effected by the starting model.

The average crustal thickness over the path from

Tangshan to Mashad is approximately 45 km, and in as much

as this path is not a pure path , only average shear velo-

cities are presented (Figure 33) . A three layer crust is

an adequate model for this path . The first layer approxi-

mately 10 km thick has an average shear velocity of approx-

imately 3.00 km/sec suggesting a partly sedimentary layer

(Birch , 1963 and Simmons, 1964) . The second layer , 15

to 20 km thick , has an average shear wave velocity of

3.55 km/sec. The layer at the base of the crust , 20 to

25 km thick , has an average shear wave velocity of approx—

imately 3.80 km/sec suggesting a layer of granitic origin

(Birch, 1963 and Simmons , 1964). The average shear wave

velocity at the top of the mantle is 4.40 to 4.45 km/sec,

and the low velocity layer begins at depths of approx-

imately 80 km. Using a three layer earth model proposed

• by Dorman (1959), Schechkov (1961, 1964) and Schechkov

106

p

-: 
-• • • . I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



—.-.~-- - ——V ‘-r~~~- ~~~~~~~~~~~~~~~ “~~~
‘.- 

• - -

and Saverensky (1961) were able to fit mixed path disper-

sion data for Northwest China to a theoretical three

layer model :

Thickness

layer 1 = 3.40 km/sec .20 km

layer 2 = 3.83 km/sec .30 km

layer 3 = 4.50 km/sec

with the average crustal thickness , 50 km. Tung (1974),

applying the concept of regionalization to paths crossing

Northwest China , presented a three layer crust of 45 km

thickness. Tung (1974) calculated that shear velocities

throughout the crust and upper mantle are lower than the

3
ixed-path average shear velocities presented . The low

velocity zone presented is not as prominent as Tung (1974)

reported and can only be inferred from the information

obtained from the data.

A comparison of the Candian Shield model (Brune and

Dorman, 1963) and the Gutenburg earth model (Tacheuchi

et al., 1964), with the average shear velocity model for

Tangshan to Mashad is presented in Figure (34). Both

models have higher shear velocities in the crust and at

P the top of the upper mantle than the theoretica l model

presented for the path Tangshan-Mashad . The tectonics

over the path between Tangshan and Mashad provide a

P possible cause of the lower velocity at the top of the
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FIGURE 34: Comparison of the Canadian Shield

model (Brurte and Dorman , 1963)

and the Gutenburg Earth model (Tacheuchj et al., 1964)

with model TM1
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mantle. The catalog of historical earthquakes presented

• by the Chinese Institute of Geophysics, Academia Sinica

(Lee et al., 1976) shows a considerable seismic activity

throughout the region traversed by the surface waves.

Successive stages of subduction of the Indian plate below
- 

~
- the Eurasian plate which are assoicated with areas as far I

north as Tarim basin and Mongolia (Chang and Zeng , 1973 ,

and Zonenshain , 1973) are consistent with a thicker crust,

lower group velocities and lower shear velocities in the

upper mantle. These results suggest a theory of origin

of t~~ Tien—Shan fold belt attributable to the collision

of the Eurasian and Indian subplates from the evidence of

crustal thickening .

Tangshan-Taipei

For most of the path between Tangshan and Taipei

(Figure 9) the surface waves are parallel to the east

coast of China. According to the tectonic map of the

Institute of Geology of the Chinese Academy of Sciences

(Figure 5) the crustal thickness along most of the path is

about 30 km. A starting model for the inversion was chosen

to reflect the 30 km crustal thickness. —

A list of the earthquakes -and surface wave trains

used is given in Table (19) . The fit of the theoretical

to the observe d Raylei gh an d Love wave grou p velocities

is presented in Figure (35). A comparison of the theore—

tical Rayleigh wave group to the average continental Ray-

110
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TABLF 19

Seismogram Components Used for the

Path Tangshan-Taipei

Recording D istance
Earthquake Station Component Wave Type (kin ) 

—

July 29. 1976 TATO Vertical Rayleigh 1661

July 28. 1976 TATO Radial Rayleigh 1661

July 28 , 1976 TATO North-South Love 1661

July 30. 1976 TATO Vertical Rayleigh 1670

July 30 , 1976 TATO Radial Rayleigh 1670

July 30, 1976 TATO North— South Love 1670

Aug . 1 , 1976 TATO Vertical Rayleigh 1656

Aug . 1 , 1976 TATO Radial Rayleigh 1656

Aug . 1, 1976 TATO North-South Love 1656

Sept . 6, 1976 TATO Ver t ical Rayle igh  1672

p
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I FIGURE 35: Theoretical and observed group

velocities for model TT1
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leigh wave group velocities (Ewing et al., 1957) shows

lower group velocities at both short and intermediate

periods .

The starting and final shear wave velocity models

with standard deviation bars are presented in Figure (36)

The shear wave velocity parameters and the resolution

matrix are presented in Tables (20 and 21) . From the

width of the kernels of the resolution matrix (Table 21)

it is possible to resolve a 5 to 7 km layer at the top of

the crust , a 10 km layer in the middle of the crust , and

a 15 to 20 km layer at the base of the crust. Examination

of the apriori (SDX0
) and postpriori (SDX) standard

deviations (Table 20) indicate a small amount of informa-

tion exists in the data below the fifth layer. Thus long

period data is necessary for increased information in the

mantle. Since the path length from Tangshan to Taipei

p is approximately 1700 km, periods greater than 64 seconds

do not have proper mode separation . As a result it is

unlikely that for this path , new information below the

top of the mantle may be obtained , and the shear wave

velocity structure is most affected by the starting model.

A crust with a thickness of 30 km , composed of

p three layers is an adequate model for the structure over

the path. The first layer approximately 5 to 7 km thick

suggests a sedimentary layer with shear wave velocity of
/

p approximately 2 .95 km/sec. A second layer approximately

114
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10 km thick has shear wave velocity of approximately

3.50 km/sec. The third layer , approximately 15 to 20 h
km thick corresponds to shear wave velocity of approx-

imately 3.85 km/sec. In the mantle a low velocity layer

can only be inferred owing to the lack of new information

from the data. A comparison of the Candian Shield Model

(Burne and Dorman, 1963) and the Gutenburg earth model

(Tacheuchi et al., 1964) with the shear wave velocity

profile for the path Tangshan to Taipei (Figure 37) shows

higher velocities in the mantle and base of the crust.

The shear wave velocity at the top of the mantle ,

4.46 km/sec is lower than the shear velocity of the

Canadian Shield Model (4.65 km/sec). Tung (1974),

p for a path crossing Northeast China and recorded in Hong

Kong , calculated a mantle shear wave velocity of 4.42

km/sec at the top of the mantle. A consideration of

P the tectonics over the path from Tangshan to Taipei

explains the lower velocities in the mantle.

The region traversed is considered an “in:ra plate ”

region although a considerable seismic histo~y is evident

from the catalog of historical earthquakes compiled by

the Chinese Institute of Geophysics, Academia Sinica

(Lee et al., 1976). For example , in the nor theas tern

portion of the South China subplate (Figure 3) is the

Tanlu f a u l t .  The Tanlu fault may be traced from LANDSAT

P photographs ( Lee et a l . ,  1976) north across the border of
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FIGURE 37: Comparison of the Canadian Shield model

and the Gutenburg Earth model

(Tacheuchi et al., 1964) with model TT1 I:-
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the North China subplate through Shantung Province, Pohai

I (Gulf of Chihli) and into Liaoning Province (near Tang-

shan ear thquake (Ju ly,  1976) and the Haichang earthquake

(February , 1975) indicate the northern portion of the

path from Tangshan to Taipei passes through a tectonically

active region.

The southern portion of the path Tangshan-Taipei

P traverses a region affected by the Philippine Sea plate

being subducted beneath the Eurasian plate . The tectonics

of this region have been discussed by Sun and Teng (1977).

P Considerable seismic activity exists throughout Northern

Taiwan and a major north—south trending fault parallels

the east coast of Taiwan. Sun and Teng (1977) discuss the

P importance of this fault to a subduction zone of Mesozoic

or Cenozoic age. The eastern provinces of Fuchien,

Kiangus, Chiekiang , Kwantung , Anhwai , and Kiangsi are

covered by large-scale volcanic intrusions which are of

Mesozoic age (Figure 38). These volcanic intrusions are

attributed to a magma source which was a consequence of

the melting from the subduction of the Pacific plate.

Finally, higher than normal hea t flow (three to four heat

f low units) has been observed north of Taiwan, which is

P associated with areas over plate subduction (Yasuii et al.,

1970). All these factors would contribute to a shear wave

velocity profile lower than normal in the upper mantle.

p
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I
CONCLUSIONS

By using a multiple-filter technique , group velo—

cities for various regions of China were obtained from

earthquakes recorded at SRO stations in Mashad and Taipei.

A nonlinear least square technique was used to invert the

surface wave group velocity for shear wave velocity

I structures. The major findings concerning the nature of

the crust and mantle are:

1. Group velocities obtained for the pure path across

- 
- I the Tibetan plateau are unusually low when compared to

the average continental dispersion . Results of the inver-

— 
sion indicate a 4 layer total, 70 km thick crust is an

P adequate model for the Tibetan plateau . Crustal shear

velocities are in agreement with previously reported

values.

2. Group velocities for the mixed path between

Tangshan—Mashad , Iran are lower than the average continen-

tal dispersion. Results of the inversion indicate that

P a 3 layer total, 45 km thick crust is an adequate model.

A low velocity zone is inferred from the data at depths

of approximately 80-90 km.

3. Group velocities for the path between Tangshan-

Taipei, Taiwan are closest of the three regions (at higher

periods) to the avt rage continental dispersion. Results

P of the inversion indicate that a 3 layer total , 30 km
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crust is an adequate model.

For all three models presented the structure of the

upper mantle from information provided by the data is only

tentative. In comparing the apriori (SDX0) to the post-

priori (SDX) standard deviation in the mantle- it was

observed that the final model was influenced by the

starting model more than by the data. Attempts to increase

the information obtained from the data and the resolution

presented one with either unacceptably large standard

deviations or unstable shear velocity models. Only in the

data for the path Tangshan—Nashad , in which inversions

were performed simultaneously for long period Rayleigh

and Love waves, was new information obtained about the

P upper mantle.

In previous surface wave studies of Main land Ch ina

a trial—and-error inversion approach was applied to obtain

P shear wave ve locity model from Rayleigh wave group

velocity data . Proper consideration has not been given

to either the information obtained from the data or the

P resolution. In all these studies the influence of the

starting model upon the final model was not discussed

and the validity of the upper mantle shear velocities

P presented is therefore somewhat questionable.

In conclusion , in the surface wave inversion for a

crust and upper mantle model , both long period Rayleigh

P and Love waves should be inver ted simultaneously to obtain
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more information from the data . Further , the dispersion

curves must not be contaminated by surface waves traveling

non—least time path or by complex structure along the

path. This often presents a problem in tectonically

active regions, resulting in the inability to obtain a

good Love wave dispersion curve from the data. Finally,

the problems due to epicentral distance must be considered.

If the epicentral distance crosses more than one geological

province the dispersion curves and shear velocity models

represent an average crustal and upper mantle structure

over a wide region. If the epicentral distance is too

shor t, proper surface wave mode separation will not be

achieved . Only after these factors are considered can

one arrive at a better shear wave velocity structure by

means of surface wave inversion for a specific geological

province .
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FIGURE 39: Unrotated seismogram for the path

Yunnan-Mashad , July 3, 1976
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FIGURE 43: Unrotated seismogram for the path

Tangshan-Taipei, July 30, 1976
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FIGURE 45: Results of multiple filtering of

ra dial Raylei gh component ,

I Yunnan-Mashad , May 31, 1976
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